It is known that metformin is
Presently, metformin, which has long been known as an effective hypoglycemic agent for the treatment of type II diabetes mellitus, is being investigated as a potential antitumor agent. This drug has attracted the attention of oncologists due to clinical observations regarding the reduction in the cancer incidence and cancer-related death rate in diabetic patients treated with metformin [1] . Today, the ability of metformin to suppress the growth of various types of malignant cells has been confirmed in many in vitro and in vivo studies [2] [3] [4] [5] [6] .
It is believed that the basis of antitumor activity of metformin lies in its ability to moderately inhibit NADH: ubiquinone-oxidoreductase of mitochondria or complex I of the electron transport chain. Complex I plays a key role in the processes of cellular respiration and oxidative phosphorylation and provides almost 40% of the total proton gradient for the synthesis of ATP in cells [7] . Inhibition of complex I with metformin leads to an increase in the AMP/ADP ratio in the cell and, accordingly, to the activation of the AMP-activated protein kinase (AMPK), main controller of energy metabolism [8] [9] [10] . In addition to activating the AMPK pathway, the down regulation of the mTOR signaling, which is critical for the survival and proliferation of tumor cells [9, 11] , and AMPK-independent mechanisms [12, 13] are included in the antitumor pathways affected by metformin. However, the antitumor properties of metformin, persuasive in vitro, are not so rosy in the clinical situation. Although clinical trials of metformin for cancer therapy, in particular breast cancer treatment, are ongoing, there are questions about the effective doses of the drug, the range of tumors that are sensitive to its action, the exact mechanisms of its effects, there is a need for biomarkers of tumor sensitivity to this preparation, etc. [14, 15] .
The aim of this work was to determine the relationship between in vitro cytotoxic action of metformin and its antitumor activity in vivo. As an experimental tumor models, we used the Lewis lung carcinoma (LLC) and rat C6 glioma cells.
MATERIALS ANd METHOdS
Experimental animals and tumor mo dels. The study was performed in female Wistar rats 2.5-3 months old weighting 100-130 g, and С57BL/6 mice 2-2.5 months old weighting [18] [19] [20] [21] [22] Cytotoxic/cytostatic activity of metformin hydrochloride (Sigma, USA) was assessed by IC 50 as the concentration of the agent, which causes a 50% decrease in the number of living cells in relation to control due to its cytotoxic and/or cytostatic action, which was calculated using an appropriate mathematical model.
For this, C6 glioma cells or LLC cells were placed in wells of 96-well plates at a density of 1•10 4 cells/well, incubated overnight, then the medium was replaced by fresh medium with addition of metformin, and incubation continued for 1 day.
Each concentration of the agent was investigated in repeat. Control cells were incubated under the same conditions without the addition of metformin.
The number of living cells was evaluated using sulforhodamine B (Sigma, USA) [16] .
The nature of the dependence of the cytotoxic/ cytostatic action of metformin on LLC cells was analyzed using a mathematical model (1) that takes into account the existence of two subpopulations of tumor cells with varying sensitivity to the action of the drug:
where N -number of viable cells (%), C -metformin concentrations (mM), A 1 and A 2 -portion of LLC cells with different sensitivity to metformin action, t 1 and t 2 -parameters that characterize the sensitivity of cancer cells to metformin action (the lower the value of this parameter the higher sensitivity of the cells to metformin cytotoxicity).
The relationship between the number of viable C6 glioma cells and metformin concentrations was described by the following mathematical model (taking into account the existence of two subpopulations with different sensitivity to metformin action):
where N 1 and N 2 -the portion of viable cells of the first and second subpopulations; A 1 and A 2 -the portion of resistant and sensitive respectively subpopulations in glioma C6 cells; b 1 and b 2 -parameters characterizing the sensitivity of cancer cells of each subpopulation to metformin action (the higher the value of this parameter the higher sensitivity of cells to metformin cytotoxicity).
Parameters of mathematical models (1)- (3) were determined from their best approximation to the corresponding experimental data using nonlinear regression analysis.
Metformin doses and administration mode. Transplantation of LLC cells was performed intramuscularly (1•10 6 cells per mouse in 0.1 ml of Hanks' solution).
After transplantation, the mice were randomized by weight and distributed into 3 groups: 1) mice administered with metformin at a total dose of 150 mg/kg (D min , n = 8); 2) mice administered with metformin at a total dose of 300 mg/kg (D max , n = 9) and 3) mice administered with water (control, n = 9) according to the same scheme and in the same volume. Metformin solution was prepared ex tempore on water and administered orally in a volume of 0.5 ml, daily, 5 times a week, for three weeks. In total 15 administrations were made.
Transplantation of С6 glioma cells was performed under total anesthesia via intracerebral inoculation of 0.6•10 6 cells per rat in 0.05 ml of physiologic solution in a left parietal area (anterior horn of left lateral ventricle).
After transplantation, the rats were randomized by weight and distributed into 3 groups: rats administered with metformin at a total dose of 2.6 g/kg (D min , n = 7); rats administered with metformin at a total dose of 5.2 g/kg (D max , n = 7), and rats administered with water (control, n = 7) according to the same scheme and in the same volume. Metformin was used at doses close to the most tolerable: the daily dose of the drug was 200 and 400 mg/kg/day, respectively. According to [17] , the first dose in the case of sufficiently long application does not cause significant toxic manifestations, the second one is lower than the dose (600 mg/kg/rat), which causes minimal metabolic effects in rats, in particular, increased serum lactate and beta-hydroxybutyric acid and decreased serum bicarbonate and urine pH.
The drug was administered orally in 3 ml of water daily from the day following the tumor transplantation. In total 13 administrations were made.
Evaluation of the effectiveness of the antitumor action of metformin with respect to LLC was performed by the indexes of the effect of the drug on the growth of the primary tumor, the number of pulmonary metastases and their volume in mice after the end of therapy while in C6 glioma bearing rats -by survival time (ST) of the animals.
The changes in survival time (CST) of rats served as an index of anticancer effect of the metformin calculated by a formula:
where ST and STС are survival time of rats from experimental and control groups, respectively.
Evaluation of antitumor and antimetastatic activity of the metformin was performed at day 23 after tumor transplantation. Primary tumor diameter was measured triply per week starting from the moment of development of palpable tumors. Tumor volume (V) was calculated by the formula:
Volume of metastases (V) was calculated by the formula:
RESULTS ANd dISCUSSION
Effect of metformin on LLC cells in vitro and in vivo. The obtained data on the influence of metformin on the survival of LLC cells in vitro showed a high level of their sensitivity to the action of the drug. Fig. 1 shows the dependence of survival of LLC cells on the concentration of metformin in the incubation medium. As can be seen from Fig. 1 , the mathematical model properly described the changes in the number of living cells due to the action of metformin. The determined parameters of the mathematical model for metformin with respect to LLC cells are presented in Table 1 . The mathematical analysis showed the presence of two subpopulations of LLC cells, which differ significantly in the sensitivity to cytotoxic action of metformin. Subpopulation of cells characterized by high metformin sensitivity (sensitivity index t 2 = 2.9 ± 0.3 mM) achieved more than 90% of the total number of living cells (Table 1, Fig.1 ), causing a sufficiently high overall sensitivity of LLC cells to metformin action, which was confirmed by a low IC 50 (2.42 ± 0.34 mM). Despite the fact that the subpopulation of metformin-resistant cells was only about 10% of cells from the total number of living cells, it is characterized by absolute insensitivity to the action of metformin over a wide range of drug concentrations (parameter t 1 = ∞).
Despite the relatively high sensitivity of LLC cells to metformin in vitro, no significant effect of metformin on LLC growth and metastasis was found in vivo. As can be seen from Fig. 2 , the volume of primary tumor in mice receiving metformin both at the dose of 150 and 300 mg/kg, did not statistically differ from that in the control animals throughout all period of tumor development.
At the end of therapy with metformin (23 rd day after tumor transplantation), no significant effect of the two doses was found regarding both the volume of the primary tumor and metastasis (Table 2) . Moreover, the tendency to stimulate the growth of the primary tumor in mice, if metformin was administered at a dose of 150 mg/kg, and a tendency to increase the lung metastasis if mice treated with metformin at a dose of 300 mg/kg were registered. Effect of metformin on C6 glioma cells in vitro and in vivo. The study of the cytotoxic/cytostatic action of metformin in relation to C6 glioma cells revealed that these cells consist of two subpopulations substantially differing in sensitivity to metformin cytotoxicity (Table 3, Fig. 3 ). As can be seen from Table 3 , cell subpopulation with extremely low sensitivity to metformin action dominated among C6 glioma cells. The metformin-resistant subpopulation was about 72% of all living cells, while metformin-sensitive cells composed only about 28% of their total number. Accordingly, IC 50 for metformin-resistant subpopulation was almost 16 times higher (p < 0.05) than that for metformin-sensitive subpopulation. Despite the predominance of metformin-resistant glomerular C6 cells in cell subpopulations in vitro, this drug exhibited a significant anti-glioma effect in in vivo experiments. Anti-glioma action of metformin was confirmed by a significant increase of the ST in rats with transplanted tumors, at least in the maximum dose being studied (Table 4 , Fig. 4 ). In particulars, the average ST of rats treated with metformin at a total dose of 2.6 g/kg, did not differ significantly from that in the control. Instead, the average ST of rats treated with metformin with twice higher dose, 5.2 g/kg, was by 23% (p < 0.05) higher than the corresponding index of control animals. So, the results of this study showed that, as in the case of LLC, and in the case of C6 glioma, the tumor cell population was heterogeneous and consisted of metformin-resistant and metformin-sensitive subpopulations, and tumor cell susceptibility in vitro did not correlate with their sensitivity to the action of this agent in vivo. In C6 glioma cells cultured in vitro there was a large predominance of metformin-resistant subpopulation, which by 2.5 times exceeded metformin-sensitive subpopulation. However, despite such dominance of the metformin-resistant cell subpopulation in vitro, metformin exhibited in vivo a pronounced anti-glioma effect, which was manifested by statistically significant prolongation of the lifetime of tumorbearing rats.
In contrast, in the case of LLC, under in vitro conditions, the metformin-sensitive cell subpopulation was almost an order of magnitude larger than such a metformin-resistant subpopulation, which, however, did not lead to the expected antitumor effect of this drug in vivo. Moreover, even a certain trend was observed in stimulating the growth and metastasis of this tumor type.
The revealed effects indicated a lack of correlation between in vitro cytotoxic activity of metformin and its antitumor efficacy in vivo for both types of tumor cells. Such a lack of correlation between the sensitivity of tumor cells to the action of metformin in vitro and in vivo, both in LLC and C6 glioma, indicated a significant contribution of tumor microenvironment to the realization of antitumor action of the drug in vivo.
It is known that the microenvironment of solid tumors is characterized by a shortage of nutrients and hypoxia, which is a consequence of metabolism, first of all, tumor cells. The specific features of tumor microenvironment, undoubtedly, affect the antitumor effectiveness of metformin. Indeed, there is evidence that hypoxia greatly enhances the antiproliferative and apoptotic action of metformin against MCF-7 breast cancer cells [22] .
In the case of metformin, the tumor microenvironment is also formed due to its ability to regulate the metabolism of not only tumors, but also many normal cells of the body. In particular, it is known that metformin stimulates the usage of glucose and oxidation of fatty acids by skeletal myocytes, stimulates the oxidation of fatty acids and reduces glucose production in hepatocytes, and, as a result, reduces blood glucose levels [8, 18] , which results in an even greater fall in glucose content in a tumor microenvironment. On this basis, acute glucose deficiency in tumor microenvironment and the sensitivity of tumor cells to such a deficiency may be one of the main causes of inversion of the cytotoxic activity of metformin in relation to LLC and C6 glioma in vitro and in vivo. LLC cells are quite resistant to glucose deficiency due to their ability to pass under these conditions to the G0/G1 phase [19] , which is associated with a low antitumor activity of metformin against LLC in vivo. By contrast, C6 glioma cells possess a high glucose dependence [20] , which is clearly associated with a significant anti-glioma effect of this drug. It is also possible that the ability of metformin to reduce the permeability of blood vessels and cerebral edema caused by glioma in rats contributes to its antiglioma action [21] .
In conclusion, the data showing the lack of correlation between the in vitro cytotoxic/cytostatic action of metformin and its in vivo antitumor activity indicate an important role of the tumor microenvironment in the realization of its antitumor activity. Given the anti-glycemic mechanism of action of metformin, it is clear that the glucose deficiency itself in the tumor microenvironment and the sensitivity of tumor cells to such a deficiency determine the effectiveness of its antitumor activity against LLC and C6 glioma in vivo.
